Use of the alkaline comet assay to assess DNA repair capacity in human populations has been limited by several factors, including lack of methodology for use of unstimulated cryopreserved peripheral blood mononuclear cells (PBMCs), insufficient control of interexperimental variability, and limited analysis of DNA repair kinetics. We show that unstimulated cryopreserved PBMCs can be used in DNA repair studies performed using the comet assay. We have applied data standardization for the analysis of DNA repair capacity using negative and positive internal standards as controls for interexperimental variability. Our standardization procedure also uses negative controls, which provides a way to minimize the interference of interindividual variation in baseline DNA damage levels on DNA repair capacity measurements in populations. DNA repair capacity was assessed in a small human cohort using the parameters described in the literature including initial DNA damage, half-time of DNA repair, and residual DNA damage after 30 and 60 min. We have also introduced new DNA repair capacity parameter, initial rate of DNA repair. There was no difference in DNA repair capacity between fresh and cryopreserved PBMCs when measured by the Olive tail moment and tail DNA. The use of DNA repair capacity parameters in assessment of fast and slow single-strand break repair components is discussed. ᭧ 2008 by Radiation Research Society
INTRODUCTION
The alkaline comet assay is a sensitive and relatively inexpensive technique for the detection of DNA damage and DNA repair (1) . One of the major advantages of the alkaline comet assay is the possibility of analyzing DNA damage and repair in individual cells. Furthermore, small numbers of cells are required for this assay, which is par-ticularly advantageous for analyses performed in samples from human populations. The comet assay has been used to assess the genotoxicity of chemicals, environmental exposures to carcinogens, toxins and physical agents both in vitro and in vivo (2, 3) . This method was also used to measure DNA repair capacity in live cells (4) and acellular systems (5) . In addition, the comet assay has been used in prenatal diagnostic testing for heritable human DNA repair syndromes including xeroderma pigmentosum (XP) and trichothiodystrophy (TTD) (6) . Since this method is very sensitive, even minimal changes in DNA damage levels and DNA repair capacity in human populations caused by genetic and demographic variation can be studied. Applications of the alkaline comet assay in biomonitoring include assessing background levels of DNA damage in human populations (7) , analysis of nutrient and micronutrient effects on the level of DNA damage (8) , examination of DNA damage levels associated with exposure to genotoxic factors (such as cigarette smoke, environmental pollution or chemotherapeutic agents) (9) (10) (11) , and oxidative stress connected with human pathology (such as infectious disease, diabetes mellitus, cardiovascular disease and hemodialysis in renal failure patients) (12) (13) (14) (15) (16) . Another epidemiological application of the assay is the determination of interindividual variation in DNA repair capacity (7, 17, 18) . Analysis of DNA repair capacity in human populations is an attractive biomarker for clinical investigators, because alterations in several DNA repair pathways are linked with both heritable and sporadically occurring age-associated diseases such as cancer.
Most alkaline comet assay protocols used in biomonitoring employ peripheral blood mononuclear cells (PBMCs) in part because obtaining blood from human subjects is minimally invasive. However, use of PBMCs in epidemiological studies of DNA repair capacity is still challenging due to the technical and logistical difficulties that arise in the use of fresh lymphocytes and the lack of a refined protocol for use with cryopreserved PBMCs. Furthermore, the relatively high interexperimental variability in the comet assay presents difficulty in detecting interindividual varia-111 TECHNICAL ADVANCE tion in response to genotoxic factors (19, 20) . It is possible to reduce experimental variation and to detect more subtle differences in DNA repair capacity between individuals by processing negative and positive internal standards in parallel with experimental samples and using these internal standards. Finally, performing a more detailed analysis of DNA repair kinetics may give additional details about variation in DNA repair processes in human populations.
In epidemiological studies, samples are usually collected over an extended period. Depending on the variable analyzed and protocol applied, studies may be performed immediately after taking samples or retrospectively. The most efficient approach for analyzing DNA repair capacity using the comet assay is retrospective, so experiments can be performed in duplicate or triplicate at different times. Cryopreservation at Ϫ80ЊC or in liquid nitrogen has been widely used for human samples in general and PBMCs in particular (18, 21) . However, cryopreserved PBMCs were unable to remove H 2 O 2 -induced DNA lesions (22) . In addition, both treated and untreated cells displayed increasing levels of DNA damage during repair incubation after exposure (22) . Therefore, several studies used fresh lymphocytes for DNA repair studies using the alkaline comet assay (23, 24) . The disadvantage of using fresh PBMCs is the inability to run independent experiments without obtaining additional blood samples from participants. Visvardis and colleagues demonstrated that PBMC stimulation with PHA-L at a low concentration was required to stimulate repair of H 2 O 2 -and ␥-radiation-induced DNA damage (25) . DNA repair was also detected using the alkaline comet assay in cryopreserved lymphocytes after their 20-h mitogen stimulation in culture conditions in the presence of 2% PHA (18, 26) . However, it is possible that lymphocyte stimulation by PHA may influence DNA repair capacity since PHA stimulates T-lymphocyte growth (27) . The best alternative to these approaches is the development of an improved procedure for cryopreservation of PBMCs and examination of DNA repair capacity in cryopreserved PBMCs using the comet assay. New procedures should minimize the introduction of DNA damage during cryopreservation and prevent accumulation of DNA damage during repair incubation.
The ability of the comet assay to distinguish subtle variations in DNA repair capacity in human populations depend on the extent of interexperimental variability, since multiple experiments must be performed to accurately screen and analyze DNA damage levels and DNA repair capacity. The source of this interexperimental variability may be multifactorial (19, 20, 28) . Perhaps the most important source is small differences in unwinding and electrophoresis conditions during the processing of separate batches of samples because of the variability in the current delivered across the electrophoresis unit and in the composition and temperature of the unwinding/electrophoresis buffer. Additional variability may result from experimental conditions, including slide preparation and room environmental conditions (temperature, humidity and sun exposure). Most of these and other sources of interexperimental variability can be minimized by using internal standards as proposed at the International Workshop on Genotoxicity Testing Procedures (Washington, DC, March 1999) (29) .
Repair of single-strand breaks (SSBs) induced by ionizing radiation can be characterized by at least two components. Separate repair components repair different types of DNA damage with various rates (30) . To our knowledge, there are no published epidemiological reports showing a population analysis of DNA repair in humans that include the fast and slow components of SSB repair. This approach could provide more details about DNA repair processes in humans.
The aim of this work was to develop an accurate, reproducible and efficient comet assay method for evaluating DNA repair in cryopreserved PBMCs. We showed first that cryopreserved lymphocytes can be used effectively in DNA repair studies using the alkaline comet assay. We minimized interexperimental variability by applying standardization techniques using negative and positive internal standards. Finally, we developed a protocol for estimation of the rate of the fast and slow components of DNA repair in unstimulated cryopreserved PBMCs using data standardization. This protocol includes estimation of the initial rate of DNA repair, a newly introduced DNA repair parameter showing the rate of DNA repair immediately after exposure to a genotoxic agent.
MATERIALS AND METHODS

Culture and Cryopreservation of AG10097 Cells
Cells of the non-malignant lymphoblastoid cell line AG10097 were obtained from the Aging Cell Repository (National Institute of General Medical Sciences, Coriell Repository) and were grown at 37ЊC in 95% air/5% CO 2 in RPMI-1640 medium supplemented with 10% FBS (Invitrogen). For cryopreservation, the cells in exponential phase of growth were collected, suspended in freezing medium (40% RPMI-1640 medium, 50% FBS, 10% dimethyl sulfoxide), and divided into aliquots to obtain samples containing 10 6 cells in 200 l of freezing medium. Vials were frozen overnight in isopropanol-containing freezing containers (Nalgene, Rochester, NY) placed at Ϫ80ЊC. Samples were stored in a Ϫ140ЊC freezer.
Isolation and Cryopreservation of Peripheral Blood Mononuclear Cells (PBMCs)
Blood donors were participants in the Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study of the National Institute on Aging Intramural Research Program (NIA IRP). The study was reviewed by the Institutional Review Board, and informed consent was obtained from all participants. The cohort in this study consists of two African-American females, four Caucasian females and four Caucasian males ranging in age from 43 to 64 years. Fasting blood samples were collected in 8-ml Vacutainer heparinized vials (BD, Franklin Lakes, NJ). Blood was transported at room temperature to the laboratory, and the mononuclear cell isolation procedure was performed within 3 h of phlebotomy.
PBMCs were separated by centrifugation of blood diluted with RPMI-1640 medium over Histopaque 1077 (Sigma-Aldrich, St. Louis, MO) at 200g for 15 min. The interphase layer was collected by pipette and was 112 TECHNICAL ADVANCE washed in RPMI-1640 medium. The pellet was resuspended to a final volume of 0.68 ml with RPMI-1640 medium. Two 40-l aliquots were removed, supplemented with 400 l of complete RPMI-1640 medium (RPMI-1640 with 20% FBS), and placed into a CO 2 incubator for 1 and 3.5 h prior to the comet assay. The remaining PBMCs were suspended in 40% RPMI-1640 medium, 50% FBS, and 10% DMSO. Vials were frozen in isopropanol-containing containers placed in a Ϫ80ЊC freezer. Two frozen samples were stored in freezer for 1 and 3.5 h prior to the comet assay. Two fresh and two frozen samples were used to compare DNA repair capacity in fresh and cryopreserved PBMCs.
Measurement of ␥-Radiation-Induced DNA Damage in AG10097 Cells
The effect of ␥ radiation on the level of DNA damage in fresh and cryopreserved AG10097 cells was compared. Fresh AG10097 cells were obtained from an exponentially growing culture. A sample containing 1 ϫ 10 6 cryopreserved cells was thawed by submersion in a 37ЊC water bath. Fresh and cryopreserved AG10097 cells were suspended in tubes in 10 ml of complete RPMI-1640 medium (supplemented with 20% FBS and preincubated in an incubator at 95% air/5% CO 2 ). Cells were centrifuged at 200g at 4ЊC for 15 min, washed and gently resuspended in complete RPMI-1640 medium. Cells were suspended in 0.5% low-melting-point agarose (Invitrogen, Carlsbad, CA) in PBS and spread on fully frosted microscope slides (A. Daigger & Company, Wheeling, IL) precoated with 0.5% normal agarose (Invitrogen). Four sets of samples were prepared. After 20 min of solidification at 4ЊC, slides were exposed to 137 Cs ␥ radiation on ice at doses ranging from 0-10 Gy at a dose radiation rate of ϳ1 Gy/min using a Gammacell 40 Exactor
137
Cs ␥-radiation source (Nordion, Ontario, Canada). After irradiation, slides were immediately placed into cold lysis buffer and processed as described below.
Examination of DNA Repair Capacity in Fresh and Cryopreserved PBMCs
The alkaline comet assay was used to compare DNA repair capacity in fresh and cryopreserved PBMCs from 10 human donors prepared as described above. Two replicate experiments were conducted for each individual. Two sets of samples were prepared for each experiment. Each sample set contained samples for fresh and cryopreserved cells exposed to 0 or 6.3 Gy of ␥ radiation and allowed to repair for 0, 5, 15, 30 or 60 min. Each set of samples was matched with four negative and four positive internal standards.
Frozen PBMCs samples were thawed in a 37ЊC water bath. Fresh and cryopreserved PBMCs were washed in complete RPMI-1640 medium (RPMI-1640 medium supplemented with 20% FBS and preincubated overnight in humidified atmosphere of 95% air/5% CO 2 ) and embedded in 0.5% low-melting-point agarose onto fully frosted microscope slides as described for AG10097 cells. Fresh and cryopreserved cells were embedded in two separate gels on each slide. On all slides for the first set, gels with fresh PBMCs were prepared near the frosted slide area and gels with cryopreserved PBMCs farther from this area. For the second set, the location of fresh and cryopreserved cell samples was reversed. After 20 min at 4ЊC for gel solidification, slides were placed in prewarmed complete RPMI-1640 medium in a CO 2 incubator for 30 min (37ЊC) to allow cells to repair damage induced during gel preparation. Slides were then subjected to 137 Cs ␥ radiation at 6.3 Gy as described above. Unirradiated and irradiated slides were immediately placed into cold lysis buffer (time 0 min) or into complete RPMI-1640 medium and kept for 5, 15, 30 or 60 min in 95% air/5% CO 2 at 37ЊC. DNA repair was stopped by placing the slides in cold lysis buffer.
Internal standard samples were prepared from a single vial of cryopreserved AG10097 cells using the procedure described above. For each experiment done in duplicate, 16 gels with AG10097 cells were arranged on eight slides. Four slides were ␥-irradiated with 6.3 Gy (positive internal standards) and the remaining four were not exposed to ␥ radiation (negative internal standards). Finally, slides were placed into cold lysis buffer.
Alkaline Comet Assay
The comet assay was performed under alkaline conditions following the procedure of Singh et al. (1) with some modifications. AG10097 cells and PBMCs embedded in low-melting-point agarose were lysed overnight at 4ЊC in lysis buffer (10 mM Tris-HCl, pH 10, 2.5 M NaCl, 100 mM EDTA, 5% DMSO, 1% Triton X-100). The unwinding step was performed for 40 min at 4ЊC in unwinding/electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH Ͼ 13). Electrophoresis was performed at 8ЊC for 30 min in unwinding/electrophoresis buffer at an electric-field strength of 0.73 V/cm and a current of 343 mA. The slides were then neutralized with a neutralizing buffer (0.4 Tris-HCl, pH 7.5), rinsed with distilled water, air-dried, stained with 2 g/ml ethidium bromide, and covered with standard cover slips.
Comets were scored using an Eclipse E-400 fluorescence microscope (Nikon, Japan) attached to a Pulnix video camera (Kinetic Imaging LTD, Liverpool, UK) connected to the image analysis system Komet version 4.0 (Kinetic Imaging LTD). The Olive tail moment, tail DNA and tail length were measured (31, 32) .
Mathematical and Statistical Analysis
Radiation-induced DNA damage in AG10097 cells. Four replicate sets of slides were prepared. Fifty comets were selected randomly for each sample. The four most damaged cells per sample were removed to minimize one of the sources of intersample variability: the presence of a minor fraction of cells with extremely high levels of DNA damage. Arithmetic means of the remaining 46 values for each comet assay parameter were calculated and used as indices of the DNA lesions in the sample. Sample mean values representing each ␥-radiation dose were compared to identify potential single outlier samples. Data are presented as means and SEM for the three or four samples for each dose. The relationship between the DNA damage level in fresh and cryopreserved AG10097 cells irradiated with 1 to 10 Gy was analyzed by two-way ANOVA. All statistical analyses were performed using Statistica 7.1 (Statsoft Inc., Tulsa, OK).
DNA repair capacity in fresh and cryopreserved PBMCs. Two independent experiments, each with duplicate samples, were performed for fresh and cryopreserved PBMCs from each individual. Each of four sets of fresh and cryopreserved PBMC samples was exposed to ␥ radiation and incubated for repair. Each sample set was then processed together with four negative and four positive internal standards through unwinding and electrophoresis steps. Fifty PBMC images and 25 AG10097 cell images per sample were analyzed. Since conditions can differ slightly from electrophoresis to electrophoresis, the use of internal standards may minimize the variations in electrophoresis and experimental conditions. Standardization was performed using the arithmetic mean values for the PBMC samples and internal standards calculated after values corresponding to the four most damaged cells in each sample were removed. The standardization protocol before (Fig. 1A) and after (Fig. 1B) standardization was demonstrated for two model data sets. Negative and positive internal standards (broken blue line) were used to standardize experimental values for irradiated (empty circles) and unirradiated PBMCs (filled circles) (Fig. 1A) using the formula 
FIG. 1.
Proposed new system of internal standards for analysis of DNA repair capacity using the alkaline comet assay. The standardization protocol before (panel a) and after (panel b) standardization is shown for two hypothetical data sets.
larly, standardized values (Fig. 1B) from three or four data sets were used to calculate the means of the standardized values for each point.
DNA repair kinetics was analyzed in SigmaPlot 8.0 (SPSS Inc., Chicago, IL) and Microsoft Excel 2003. Data on DNA repair kinetics for each individual were graphed in SigmaPlot on separate multiple linescatter plots. Curves with two exponential terms described by the formula y ϭ y 0 ϩ ae Ϫbx ϩ ce Ϫdx were fitted to experimental data showing removal of single-strand breaks in irradiated cells. Exponential curves with two exponential terms described by the formula y ϭ ae Ϫbx ϩ ce Ϫdx were also fitted to standardized data on DNA damage removal in exposed PBMCs. The estimated equation coefficients a, b, c and d corresponding to the equation describing standardized data on kinetics were then used in Excel to assess the following parameters describing DNA repair capacity in the individuals studied: the initial rate of DNA repair, the half-time of DNA repair, and the residual DNA damage after 30 and 60 min (Fig. 2) . The initial rate of DNA repair and is the percentage of the total radiationinduced DNA damage removed per minute (%/min) at the beginning of repair incubation. The initial rate of DNA repair was calculated from the slope coefficient of the equation of the straight line tangent to an exponential curve at the point for repair time 0 min: DNA repair parameters obtained for fresh and cryopreserved PBMCs from 10 individuals were compared using Statistica 7.1. Residual analysis was performed using Statistica to identify outliers. One individual was identified as an outlier and was removed; the remaining nine individuals were taken for further analyses. The significance of the relationship between DNA repair capacity in fresh and cryopreserved PBMCs was analyzed by simple linear regression. Separate analyses were performed for every DNA repair parameter derived using the Olive tail moment as well as tail DNA. We also tested for differences in DNA repair capacity between fresh and cryopreserved PBMCs. For this purpose, we tested whether linear regression lines corresponding to the relationships between DNA repair capacity in fresh (variable x) and in cryopreserved PBMCs (variable y) could be described by the ideal function line y ϭ x, which corresponds to the situation where DNA repair capacity in cryopreserved PBMCs is the same as in fresh PBMCs. To test for departure of the experimental regression line from the ideal line, we compared the experimental F value (F exp ) with the theoretical F distribution at v 1 ϭ 2 and v 2 ϭ n Ϫ v 1 degrees of freedom. The experimental F value was derived from the formula 
RESULTS
We first examined the dose-effect relationship between ␥ radiation and the DNA damage level in fresh and cryopreserved AG10097 cells, since we planned to use these cells as internal standards in the study of DNA repair in human populations. Cells embedded in agarose were exposed to 0-10 Gy ␥ radiation and processed using the comet assay. The DNA damage in cells measured as the Olive tail moment, tail DNA and tail length are shown in Fig. 3 . There was no difference between fresh and cryopreserved AG10097 cells in the DNA damage measured by any of three comet assay parameters as analyzed by two-way ANOVA (P Ͼ 0.05). Thus cryopreservation did not alter the induction of DNA damage by ␥ radiation.
We also analyzed the Olive tail moment, tail DNA and tail length for linearity in the quantification of radiationinduced DNA damage. As presented in Fig. 3 , the Olive tail moment data were linear for 0-6 Gy and saturated in the range of 6-10 Gy. The tail DNA data show a slight saturation-related departure from linearity in the dose range 0-6 Gy and a moderate departure at the higher doses. The tail length values increase rapidly between 0-2 Gy and then reach a plateau. In summary, the best results are obtained using the Olive tail moment and the tail DNA. The maximum dose at which no significant departure from linearity appears for these comet assay parameters is approximately 6 Gy.
We examined the usefulness of PHA stimulation in our DNA repair study of PBMCs. To perform these comparative experiments, we used the PHA stimulation method of Visvardis et al. (25) . PBMCs embedded in gels were preincubated for 30 min in complete RPMI-1640 medium (RPMI-1640 medium ϩ 20% FBS) supplemented with 0-20 g/ml PHA-L, exposed to ␥ radiation, and then incubated in medium containing PHA for 5, 15 and 120 min repair. They were processed through the comet assay steps as described in the Materials and Methods. Treatment of PBMCs with PHA-L did not have an effect on DNA repair capacity (data not shown).
Standardization of DNA repair data for fresh and cryopreserved PBMCs from human participants was performed as described earlier (Fig. 1). Figures 4 and 5 show the DNA repair kinetics obtained from the experimental (not standardized) and standardized data for three individuals. Both figures present data for fresh and cryopreserved PBMCs, and DNA damage levels are expressed as the Olive tail moment or tail DNA. Note that the ranges of experimental values obtained for the level of DNA damage measured in irradiated cells vary among the individuals (Fig. 4) . These differences are related mostly to variation in electrophoresis conditions since variations in mean values of negative and positive internal standards are also present. After using data standardization, DNA damage levels for different individuals are more similar, and it is easier to compare the DNA repair kinetics data (Fig. 5) .
Finally, we compared DNA repair capacity in fresh and cryopreserved PBMCs obtained from nine individuals. We also evaluated whether the Olive tail moment or tail DNA was more useful in assessing DNA repair efficiency (Figs.  5-7) . The data for repair kinetics are shown for three individuals in Fig. 5 . In Fig. 6 , the same data are represented as histograms of the standardized comet assay parameters corresponding to single cells. Individual 1 has the highest DNA repair capacity, and individual 3 has the lowest. Both fresh and cryopreserved PBMCs from individual 1 removed ␥-radiation-induced DNA damage faster than cells from individual 3 (Fig. 5) . This relationship is more pronounced after 5 and 15 min repair incubation and is sub- 
FIG. 7.
Comparison of DNA repair capacity in fresh and cryopreserved human PBMCs. DNA repair capacity was expressed using the indicated parameters. DNA repair parameters were assessed based on DNA damage removal kinetics expressed as the standardized Olive tail moment (panel a) and standardized tail DNA (panel b). Each graph shows the relationship between the parameters obtained for fresh (x axis) and cryopreserved (y axis) PBMCs from nine individuals. Each point corresponds to average data derived from three or four replicate standardized kinetics for a single individual. The relationships were described by linear regression curves and statistical significance by P values.
stantially less pronounced after 30 and 60 min. Histograms representing 5 and 15 min repair incubation were shifted to the left for individual 1 and were characterized by faster DNA repair capacity (Fig. 6) . We also found that the removal of DNA damage in cryopreserved PBMCs is slightly slower than in fresh ones (Fig. 5) . Similar relationships between individuals and between fresh and cryopreserved PBMCs were observed for DNA damage measured by the standardized Olive tail moment and standardized tail DNA. Figure 7 shows a more detailed analysis of the effect of cryopreservation on DNA repair capacity in PBMCs from nine individuals. We also compared different DNA repair parameters (Fig. 2) and standardized comet assay parameters. We found interindividual variation in DNA repair capacity in PBMCs. For example, there is an approximately 2.75-fold interindividual variation in the initial rate of DNA repair and an approximately 2.5-fold variation in the halftime of DNA repair for fresh PBMCs. Moreover, we found a linear correlation between DNA repair capacity for fresh and cryopreserved PBMCs as measured by all the DNA repair parameters examined (Fig. 7a and b) . These data showed a slightly higher correlation when DNA repair parameters were estimated using the standardized Olive tail moment rather than the standardized tail DNA. The presence of statistically significant linear relationships between DNA repair parameters obtained for fresh and cryopreserved PBMCs can also indirectly validate the significance of the differences in DNA repair capacity between individuals. The statistical significance of the interindividual variation in DNA repair capacity was confirmed by two-way ANOVA (P Ͻ 0.01) for all relationships presented in Fig. 7 .
We observed a somewhat lower DNA repair capacity in cryopreserved PBMCs than in fresh PBMCs as measured by the logarithm of the initial rate of DNA repair and the half-time of DNA repair. This conclusion is based on the fact that the departure of the linear regression line from the ideal function line described by the equation y ϭ x, where x is the DNA repair capacity in fresh PBMCs and y is the DNA repair capacity in cryopreserved PBMCs, is present for the initial rate of DNA repair (P Ͻ 0.01 and P Ͻ 0.001 for standardized Olive tail moment and tail DNA, respectively) and for the half-time of DNA repair (P Ͻ 0.02 and P Ͻ 0.002). No departure of the experimental regression line from the ideal function was observed for residual DNA damage after 30 and 60 min. The same result was observed using more direct analysis of the kinetics data for particular individuals (Fig. 5) . Although the small difference between DNA repair capacity in fresh and cryopreserved PBMCs is present as measured by the initial rate of DNA repair and the half-time of DNA repair, this difference is predictable, and it can be determined by simple linear regression. Thus we can estimate DNA repair efficiency in fresh PBMCs and study the relationships between DNA repair capacity among a cohort of individuals by investigating DNA repair capacity in cryopreserved PBMCs.
DISCUSSION
We have devised a protocol for evaluating DNA repair capacity in cryopreserved PBMCs. We showed that unirradiated cryopreserved PBMCs do not accumulate DNA damage during a 2-h incubation in complete RPMI-1640 medium. These cells were able to remove ␥-radiation-in-118 TECHNICAL ADVANCE duced DNA damage. We also described an improved standardization procedure that facilitates comparison of data from multiple experiments. Finally, we have applied our standardization procedure in comparing DNA repair capacity in fresh and cryopreserved PBMCs. We found that the kinetics of removal of single-strand breaks was consistent between different repeats performed for the same individual and that interindividual variability was higher than variability between replicate sets of samples from the same individual. We show that the DNA repair capacity in cryopreserved PBMCs was comparable to that of fresh PBMCs, suggesting that cryopreserved PBMCs can be used in retrospective analyses of DNA repair capacity in human populations. The consistency of the results obtained for fresh and cryopreserved cells is further proof that the interindividual differences in PBMCs are reproducible. Thus PBMCs isolated from one sample from one individual can be cryopreserved and used for multiple independent retrospective analyses of DNA repair capacity.
In our experiments, PBMCs did not accumulate additional DNA damage during the repair incubation (Fig. 5 ). Moreover, we were able to detect repair of ␥-radiation-induced DNA damage in cryopreserved PBMCs that were not stimulated with mitogens. The DNA repair capacity of unstimulated cryopreserved PBMCs stored for 1 to 5 months was comparable to that found in PHA-stimulated PBMCs (data not shown). Furthermore, we did not observe a decrease in DNA repair capacity with the length of storage of PBMCs at Ϫ80ЊC. Studies by Smith et al. (7) and Chung et al. (33) support our findings, although both measured DNA repair capacity at a single postirradiation time of 10 or 30 min. DNA repair in unstimulated cryopreserved lymphocytes was also detected by Risom and Knudsen using the unscheduled DNA synthesis assay (34) .
Our analysis of comet assay parameters for linearity in the quantification of ␥-radiation-induced DNA damage showed that the maximum dose at which no significant departure from linearity occurs is approximately 6 Gy for the Olive tail moment and tail DNA (Fig. 3) . We used a dose of 6.3 Gy in our studies of DNA repair kinetics, since this dose allowed us to use the entire detection range of our alkaline comet assay protocol and maximized the capacity of the assay to detect the interindividual variation in DNA repair capacity. Comet assay-based studies from other groups using lower radiation doses (for example, 2 Gy) have been reported (24) . However, these studies were unable to detect interindividual differences in lymphocytes from healthy cohort groups based on age, sex and smoking history (24) . These studies were only able to identify differences in DNA repair capacity between lymphocytes from cancer patients, who have already been shown by numerous techniques to have lower DNA repair capacity, and healthy individuals. These studies may have been successful in identifying defects in DNA repair capacity because the magnitude of the defect is more pronounced in cancer patients (7, 35) . Several other studies have used radiation doses in the range of 5-8 Gy (4, 7, 18) . It is quite difficult to measure the slow repair component accurately if low ␥-radiation doses are used to induce DNA damage. This component is responsible for repair of approximately 5% of ␥-radiation-induced DNA damage as measured by the alkaline comet assay (30) . Banath, Fushiki and Olive showed that a dose of 8 Gy was appropriate for analysis of the slow repair component in human lymphocytes (4) . They were also able to observe interindividual variation in the halftime of SSB rejoining among a small cohort of normal healthy individuals using a ␥-radiation dose of 8 Gy. Thus a dose of 6.3 Gy may be considered as appropriate for detecting subtle differences in the efficiency of the fast and slow repair components among human subjects using the alkaline comet assay.
The ability of the comet assay to distinguish subtle variations in DNA repair capacity in a healthy human population may depend on the extent of interexperimental variability. The use of internal standards to reduce interexperimental variability was proposed at the International Workshop on Genotoxicity Testing Procedures (in 1999) (29) . Vaghef et al. used mouse lymphocytes as a negative internal standard for correcting experimental comet data. The values of these negative standards were arbitrarily set to 1.0 and were used to standardize the raw comet data obtained from different experiments (36) . A more advanced system included use of permanent cultures of untreated K562 human erythroleukemia cells as a negative standard and cells treated with ethyl methane sulfonate (EMS) (2 mM) as a positive internal standard; experimental data were then standardized using an established formula (19) . Finally, the negative and positive standards were used as quality control indicators allowing identification of experiments that should be discarded (37, 38) .
In this paper, we introduced a new standardization formula, which is based on a simpler formula, De Boeck et al. (19) . In the proposed formula, the difference between the separate experimental value y s,c (D, t) and the negative control c n is related to an increase in the DNA damage measured in irradiated AG10097 cells (s p Ϫ s n ). AG10097 cells grow rapidly in suspension, allowing the use of multiple aliquots from the same cell suspension and avoiding the possible induction of DNA damage that may occur in internal standards using cells that grow as monolayers requiring trypsinization or scraping. Adding a negative control c n to our formula allows the standardized value for unexposed cells to be set to zero. The standardized values for irradiated PBMCs will therefore show the radiation-related increases in DNA damage over the baseline level of DNA damage in unirradiated PBMCs from the same individual. This minimizes interference of interindividual variation in baseline DNA damage levels during measurement of induced DNA damage and ultimately DNA repair capacity in human populations. Thus our standardization procedure provides a way to separate interindividual variation in DNA repair ca-pacity from the interexperimental variation and interindividual differences in DNA damage levels.
A variety of DNA lesions are produced during exposure of cellular DNA to ␥ radiation including single-strand breaks (SSBs), double-strand breaks (DSBs), AP sites and products of base oxidation. SSBs and DSBs are detected directly by the alkaline comet assay. A DSB is interpreted by the assay as two separate SSBs. AP sites and some other types of DNA lesions are transformed into SSBs at pH greater than 13 during the alkaline unwinding step. Modified bases can also affect the outcome of this assay after their conversion into AP sites and SSBs by DNA repair pathways (39) . At least two components of SSB repair kinetics have been identified using alkaline sucrose gradient sedimentation (40) , alkali unwinding (41), alkaline elution (42) and the alkaline comet assay (30) . The presence of these components is related to the different rates of repair for various types of DNA damage. Most SSBs are repaired very rapidly in most cell types, including PBMCs. They constitute the majority of DNA lesions removed during the first 5-10 min of repair incubation since they are removed by the fast DNA repair component (30) . DSBs are generated during ␥ irradiation at a rate approximately 40 times slower than SSBs and are responsible for a 5% increase in the radiation-induced DNA damage detected by the alkaline comet assay (43) . Most DSBs are repaired by the non-homologous end-joining (NHEJ) pathway at rates slightly lower than those at which SSBs are repaired (44) . Complex DNA damage, which may include DSBs or multiple SSBs, may constitute a form of damage removed by the slow DNA repair component. It has been estimated that leukocytes will rejoin fewer than 70% of induced DSBs 24 h after exposure to 75 Gy (4). Oxidative base lesions are not detected directly by the comet assay. They are measured indirectly as these lesions are converted transiently into AP sites and SSBs before their complete repair. The half-time of repair for 100 M H 2 O 2 -induced oxidative DNA damage was estimated to be approximately 2 h for formamidopyrimidine-DNA glycosylase (Fpg)-labile sites and about 20 h for endonuclease III-labile sites (39, 45) . These transitory lesions may be detected by the assay as damage repaired by slower DNA repair components.
The bi-exponential repair model describes fast and slow DNA repair components and residual non-repairable DNA damage. Both the fast and slow repair components are usually characterized by their half-times and fractions of initial DNA damage repaired. Residual non-repairable DNA damage is the DNA damage that cannot be removed by any of the repair components. The bi-exponential repair model is used in Olive's laboratory to describe repair of DNA damage detected by the alkaline comet assay (4, 30, 43) . Many authors use the simpler monoexponential repair model to describe repair kinetics in irradiated cells (24, 46, 47) . The monoexponential model includes information about the amount of the repairable DNA damage fraction, the halftime of their repair, and the value corresponding to the amount of residual non-repairable DNA damage.
Less complex analyses of SSB repair kinetics may involve direct comparison of the curves for DNA damage repair for different cell types, cell lines or individuals without calculating specific parameters that describe DNA repair kinetics (48, 49) . Comparison of DNA repair activity can be limited to the assessment of the initial DNA damage and the residual DNA damage measured 10, 15 or 30 min after irradiation (7, 18, 33) . The last approach with initial DNA damage and residual DNA damage requires only a small number of samples to assess DNA repair capacity but provides a limited amount of information about DNA repair kinetics.
In our study, we identified a set of DNA repair parameters that permitted us to examine both the fast and slow components of SSB repair (Fig. 2) . This set of parameters was optimized for use in an ongoing large epidemiological study. The initial rate of DNA repair is the total of all the repair components responsible for removing different types of repairable DNA lesions immediately after exposure to ␥ radiation and is largely dependent on the initial rate of the fast component (30) . The term ''initial rate of DNA repair'' has been used differently by others. Blaise and coworkers used the term ''initial rate'' to describe the average rate of DNA repair during the 15-min period immediately after irradiation (50) . The term ''initial rate of DNA repair'' has also been used to characterize the half-time of DNA repair (51, 52) . It has also been referred to as the fast component of DNA repair (53, 54) . Other parameters used in our study, the half-time of DNA repair and residual DNA damage after 30 min, are dependent on both the fast and slower DNA repair components. Finally, the residual DNA damage after 60 min is affected mainly by the slower DNA repair kinetics and also by the presence of unrepairable DNA lesions.
We described the kinetics of SSB removal in fresh and frozen PBMCs obtained from nine individuals (Fig. 7) . We found that interindividual variation in DNA repair capacity in PBMCs is present in this small human cohort. A statistically significant correlation between DNA repair capacity for fresh and cryopreserved PBMCs was observed for all DNA repair parameters analyzed (Fig. 7) . Correlations were stronger for data analyzed using the standardized Olive tail moment compared to standardized tail DNA. Since the logarithm of the initial rate of DNA repair and the half-time of DNA repair are consistent between fresh and cryopreserved PBMCs, it is likely that these parameters will provide a reliable estimate of the rate of the fast SSB repair component in PBMCs. Based on these data, using these measures in future studies of DNA repair in human populations may be beneficial in linking DNA repair capacity to disease risk and treatment response. Application of the newly introduced logarithm of the initial rate of DNA repair together with the other DNA repair parameters may be pro-120 TECHNICAL ADVANCE vide additional insight into interindividual variations in DNA repair processes.
Use of the alkaline comet assay in human epidemiological studies has been hampered by the notions that DNA repair capacity could not be measured accurately in cryopreserved PBMCs and that interexperimental variability prevented accurate assessment of baseline DNA damage levels and DNA repair capacity in studies with large numbers of subjects. Our work hopefully provides a useful technical and methodological approach that will facilitate the retrospective use of comet to correlate individual DNA repair capacity with aging and sporadically occurring ageassociated chronic diseases in human populations.
